Abstract-Combat exposures to blast can result in both peripheral damage to the ears and eyes and central damage to the auditory and visual processing areas in the brain. The functional effects of the latter include visual, auditory, and cognitive processing difficulties that manifest as deficits in attention, memory, and problem solving-symptoms similar to those seen in individuals with visual and auditory processing disorders. Coexisting damage to the auditory and visual system is referred to as dual sensory impairment (DSI). The number of Operation Iraqi Freedom/Operation Enduring Freedom Veterans with DSI is vast; yet currently no established models or guidelines exist for assessment, rehabilitation, or service-delivery practice. In this article, we review the current state of knowledge regarding blast exposure and DSI and outline the many unknowns in this area. Further, we propose a model for clinical assessment and rehabilitation of blast-related DSI that includes development of a coordinated team-based approach to target activity limitations and participation restrictions in order to enhance reintegration, recovery, and quality of life.
INTRODUCTION
Rehabilitation research on dual sensory impairment (DSI) is fairly sparse and has primarily focused on deafblind individuals [1] or aging individuals with gradual onset peripheral hearing loss and vision loss (see Saunders and Echt [2] ). Little or no research has been conducted to examine the effect of, and rehabilitation for, DSI associated with military operations. Combat exposures can result in both peripheral damage to end organs (ears and eyes) and in central damage to the auditory and visual processing areas in the brain. Hearing protection, eye protection, Kevlar helmets, and body armor have considerably decreased the occurrence of peripheral injuries [3] ; however, a current major concern is damage to the central auditory and visual systems resulting from blast exposure [4] [5] , which can cause sensory processing deficits that broadly manifest as difficulties understanding speech and difficulties reading [6] [7] . More specifically, auditory complaints include difficulty listening in the presence of background noise, following oral instructions, and understanding rapid or degraded speech [8] . Visual complaints pertinent to reading include difficulties with blur, text navigation and search, fluency and reading speed, sustained reading, and reading comprehension [9] . In many cases, individuals with these auditory and visual difficulties have clinically normal or almost normal hearing and visual acuity [10] .
Vast numbers of servicemembers have returned from Operation Iraqi Freedom/Operation Enduring Freedom (OIF/OEF) with blast-related injuries [11] , such that blast-related mild traumatic brain injury (TBI) has been referred to as the "signature wound" of the current conflicts [12] . There are four different mechanisms through which blast injuries arise: primary, secondary, tertiary, and quaternary. Primary blast injuries are caused by the over-and underpressurization of air generated by the blast itself; secondary injuries are caused by flying debris; tertiary injuries result from the body being thrown by the blast wave; and quaternary injuries are associated with factors such as inhalation of toxic fumes, burns, and crush injuries [13] . Although the brain is vulnerable to primary, secondary, and tertiary injuries, for the purpose of this review we are interested in the damage from primary injuries, which, as shown by magnetic resonance imaging, cause diffuse axonal injury, contusions, and subdural hemorrhage [14] . Diffuse axonal injury results when axons are sheared or stretched, contusions occur when the brain moves within the skull to cause bruising of the brain parenchyma, and subdural hemorrhage occurs when the movement of the brain in the skull is sufficient to tear the surface veins. Diffuse axonal injury is seen most commonly in the corticomedullary junction, the internal capsule, and the upper brain stem and corpus callosum. Contusions are most common in the inferior, lateral, and anterior frontal and temporal lobes, and hemorrhaging is seen in the frontal and parietal convexities [14] . The functional effects of these blast effects include visual, auditory, and cognitive processing difficulties that manifest as deficits in attention, memory, and problem solving-symptoms similar to those seen in individuals with visual and auditory processing disorders [15] .
In this article, we review the current state of knowledge regarding blast exposure and DSI and also outline the many unknowns regarding assessment, rehabilitation, and clinical service models for addressing blast-related DSI.
METHODS
We conducted a literature review of published peerreviewed empirical studies and reviews using "vision" or "visual" and/or "hearing" or "auditory," "sensory," and "dual sensory" as primary search terms, coupled with "loss," "impairment," "dysfunction," "processing disorder," "training," "rehabilitation," "traumatic brain injury," "blast," "blast exposure," and "blast injury" as search terms in PsychInfo, Medline, Cochrane Database of Systematic Reviews, and Google Scholar. We focused identified selections to the objective of describing what is known about blast exposure and DSI, as well as identifying gaps in knowledge, to provide a synthesized content review of (1) the effects of blast exposure on the auditory and visual systems; (2) the prevalence and effects of DSI; and (3) the implications for definition, assessment, and rehabilitation practice.
shortcomings and benefits of hearing aids and other assistive devices are recognized.
Of greater concern, perhaps, are the many OIF/OEF Veterans reporting hearing difficulties in the absence of conventionally defined hearing loss. The number of individuals with these complaints is unknown; however, studies suggest the numbers are substantial. In 2007, Lew et al. noted that 26 of 42 individuals with a blast-related TBI reported hearing difficulties but that 11 percent of the 26 had normal pure-tone sensitivity [18] . More recent data suggest the numbers may be considerably higher [19] . Specifically, it was determined that 65.9 percent of 12,521 Veterans judged to have deployment-related TBI and who reported being exposed to blast complained of auditory difficulties. Although the audiometric status of these individuals was not stated, we can estimate from other studies that between 35 and 54 percent had permanent sensorineural hearing loss [17] [18] 20] and a further 7 percent had ruptured tympanic membranes [3] , suggesting that about 20 percent of those reporting hearing difficulties had normal or almost-normal audiometric thresholds. Saunders and Abrams suggested that clinicians note an equally high number of Veterans who perceive hearing difficulties and yet have normal or almost normal auditory acuity [21] . Saunders and Abrams conducted a survey of Department of Veterans Affairs (VA) audiologists to determine how often they encounter OIF/ OEF Veterans who complain of difficulties hearing and yet have normal or almost-normal pure-tone sensitivity. Of the VA audiologists, 92 percent reported encountering at least one such individual per month in their clinic, with 53 percent encountering between one and three per month and 39 percent encountering four or more per month.
Recent data from a study comparing blast-exposed servicemembers with a control group of non-blastexposed Veterans matched on age, sex, and degree of hearing impairment (HI) on a variety of auditory measures suggest that these reports of hearing difficulties in the presence of normal or near-normal hearing sensitivity are a result of damage to the central auditory system [22] . Specifically, the blast-exposed servicemembers performed more poorly than the controls on three measures of central auditory function: the Staggered Spondaic Word Test, the Gaps-in-Noise test, and masking level differences. They also found reduced P300 amplitudes and increased P300 latencies to an infrequently presented (20% of trials) 1,000 Hz target tone in an "oddball" paradigm among the blast-exposed servicemembers, whereas auditory brainstem responses and earlier components of the wave form (e.g., N100 peak and N1-P2 peak-totrough values) did not differ between the groups. This reflects normal function between the auditory nerve and brainstem but some degree of deficit for the attentiondriven P300 wave. Indeed, each of the measures differentiating the blast-exposed servicemembers from the nonblast-exposed controls likely reflects lesions in central cortical areas of the brain, many of which are associated with temporal processing. Gallun et al. hypothesized that damage to the fragile neural connections is associated with pressure differentials occurring in the brain as the blast wave passes through [22] . Similar findings of temporal processing deficits among individuals with nonblast-related TBI have been reported. Specifically, Bamiou et al. compared the auditory processing abilities of eight insular stoke patients with eight neurologically normal controls [23] . Each of the stroke patients showed deficits in temporal resolution and sequencing, while the controls performed at normal levels. Likewise, Griffiths et al. reported that following stroke, a patient reported he could no longer recognize familiar tunes unless they comprised long, slow notes [24] . Psychophysical testing revealed that the patient performed more poorly than nondisabled controls when the tones were played rapidly but that he performed similarly to the controls when the presentation rate was slow. Similarly, the patient was unable to conduct a binaural sound movement task. On the other hand, the patient's performance did not differ from that of controls on tests of pure-tone sensitivity and frequency modulation (FM) detection. Data from other non-Veterans with TBI show auditory deficits on other behavioral auditory tests. Paré et al. showed patients with mild TBI to have auditory working memory deficits as demonstrated by poorer digit span performance than nondisabled controls immediately after their injury and at 3-month follow-up [25] . Kwok et al. reported that patients with a mild TBI performed more poorly than nondisabled controls immediately after injury and at 1-month followup on neuropsychological tests that included measures of both auditory and visual information processing (i.e., divided attention assessed with the Symbol Digit Modalities Test, sustained attention assessed with the Digit Vigilance Test, verbal recognition assessed with the Chinese Auditory Verbal Learning Test, and verbal fluency assessed with the Verbal Fluency Test) [26] . These individuals also had poorer sustained attention immediately after injury and at 1-and 3-month follow-ups.
Like Gallun et al. [22] , other studies have revealed electrophysiological abnormalities accompanying TBI among Veterans [27] and non-Veterans alike [28] [29] . More specifically, Lew et al. found that patients with TBI had significantly lower P300 amplitude and longer P300 latencies for auditory event-related potentials (ERPs) than non-TBI controls [27] , and Segalowitz et al. found university students with mild TBI to have lower P300 amplitudes and latencies on oddball vigilance task ERPs [28] , while Gaetz and Weinberg reported that patients with persistent postconcussive syndrome had delayed P300 to both visual and auditory stimuli [29] .
Damage to Visual System
A substantial percentage of OIF/OEF servicemembers exposed to blast that did not sustain overt ocular trauma self-report visual difficulties despite good eye health and visual acuity [5, 7, [30] [31] . Akin to the effects of blast exposure on the auditory system, the visual pathways, cranial nerves, and other neurologic substrates responsible for visual function may also sustain damage consequent to blast [7, 9, 14] . Visual abnormalities detected in servicemembers with closed-head primary blast-injury most commonly include photosensitivity, oculomotor (i.e., version, vergence, accommodation) dysfunctions, and visual field losses [7, 9] . Additional deficits, perhaps more subtle in their presentation, have been documented and include decrements in spatial contrast sensitivity, color discrimination [7] , reduced speed and accuracy of scanning [32] , spatial perceptual deficits [9] , and impaired visual processing speed and attention [33] . The potential effects of blast-related TBI on vision are multiple, consistent with the diffuse injury affected across visual system structures, and variable across individuals and blast-exposures [34] .
The deficits in visual function described may adversely affect performance of activities of daily living such as mobility and reading, which in turn limit engagement in education, vocation, and leisure. Slowed visual processing and reaction times, visual field losses, visualspatial perceptual and attention deficits, particularly in visually complex environments, may challenge safe ambulation (e.g., bumping into objects and/or people) and driving [33, 35] . Reports indicate the most prevalent visual complaint of blast-injured Veterans is difficulty reading [36] [37] , particularly reading continuous text [7] . Difficulties that challenge reading ability include blurred vision, double vision, visual discomfort or fatigue, skipping words or lines of text, reduced reading speed, inefficient search for critical information, difficulty with sustained reading, and deficient reading comprehension [34, 36] . In a sample of 125 Polytrauma Network Site outpatient Veterans, 63 percent reported difficulty with reading [36] . Stelmack et al. indicated that a reading problem was identified during the eye examinations of 18 out of 36 TBI clinic Veteran patients; however, average visual acuity was equivalent to 20/20 [37] .
The centrality of visual acuity to definitions of visual function and visual impairment (VI) may limit the routine clinical detection of visual deficits in blast-exposed patients with normal or near-normal visual acuities [38] [39] . As part of a recent national survey of approximately 440 VA optometrists, we sought to determine how often these eye clinic providers encounter OIF/OEF Veterans who present with visual difficulties but who demonstrate normal or almost-normal visual acuities. The majority of the respondents reported encountering such patients on a monthly basis. Of VA optometrists, 83 percent reported seeing at least one or more such patients per month in their clinic, with 63 percent seeing one to three per month and 20 percent seeing more than four each month. The extent to which Veterans' visual difficulties consequent to blast-exposure are under-reported or unrecognized is not known [7] .
Singly or in combination, the visual efficiency and visual processing deficits described adversely affect safety, independence, work, education, and quality of life. Importantly, visual deficits and dysfunctions do not exist in isolation, but coexist alongside a number of frequently associated comorbidities (e.g., posttraumatic stress disorder [PTSD], depression [37] ) and injuries including cognitive effects. For instance, taken together, limitations in visual efficiency and visuocognitive information processing compound effects of blast on everyday function as is evident in mobility, reading, and reading comprehension difficulties [7, [33] [34] 37] . Several reports, moreover, stress that unaddressed vision problems in this population may impede individual rehabilitation progress generally and particularly to the extent that aspects of rehabilitation are visually dependent [34, 36] .
Dual Sensory Impairment

Prevalence
Studies examining the prevalence of DSI in the general population estimate that between 7 and 21 percent of adults has some degree of DSI [40] [41] [42] [43] , with the varying prevalence depending on the population and age group investigated. We are aware of only one published study that estimates the prevalence of DSI among the Veteran population to be in the range of 5.0 to 7.4 percent [44] . Smith et al. reported the prevalence of DSI among individuals aged 44 to 64 years old to be 0 percent (confidence interval [CI]: 0%-3.6%), increasing to 26 percent (CI: 17.4%-34.6%) for individuals over 85 years old. This study was based on a retrospective chart review of 400 randomly selected charts of Veterans receiving healthcare at the Mountain Home VA Medical Center (Mountain Home, Tennessee) and likely reflects agerelated HI and VI. The prevalence of DSI among blastinjured OIF/OEF Veterans is unknown, although a recent study has shed some light on the matter. Lew et al. conducted a retrospective chart review of 175 OIF/OEF Veterans with TBI who had been admitted to a Polytrauma Rehabilitation Center [45] . They documented four subgroups of patients based on the presence or absence of HI and VI: HI alone, VI alone, HI and VI (DSI), and no sensory impairment (NSI). HI was defined as being present if the patient had one or more thresholds of 26 dB hearing level (HL) or poorer at any octave frequencies between 250 Hz and 8 kHz. VI was defined based on acuity of worse than 20/63 in the better eye or with hemianopsia of 20°. Of the 175 charts reviewed, 62 patients had completed both hearing and vision evaluations from which the presence or absence of sensory impairments could be identified. Of these 62 patients, 12 (19%) had HI alone, 21 (34%) had VI alone, 9 (15%) had NSI, and 20 (32%) had DSI defined using the clinical metrics just described. Of particular interest, however, are those many individuals with blast-related injuries who report hearing and vision difficulties encountered by VA audiologists and optometrists and yet do not have measured impairmentat least when conventional clinical assessment procedures are used. These numbers are unknown. Lew et al. determined that of 12,521 Veterans reporting blast exposure and judged to have TBI, 34.6 percent reported both auditory and visual difficulties and only 24.2 percent reported neither auditory nor visual difficulties [19] . Lew et al. reported that 11 percent of blast-exposed Veterans and 4 percent of non-blast-exposed Veterans reported hearing loss but had no measureable impairment [18] , and Brahm et al. found that 75.9 percent of blast-exposed and 75.0 percent of non-blast-exposed Polytrauma Network Site outpatients with mild TBI reported visual complaints, but 98.2 and 100.0 percent, respectively, had visual acuity of 20/60 or better [46] . These findings indicate that reports of hearing and vision dysfunction in the presence of peripherally normal or almost-normal hearing and vision are quite common.
Effect
Studies comparing single sensory impairment versus DSI have historically focused on older samples of individuals, and thus the extent to which these inquiries are applicable to the younger population of blast-exposed Veterans is not known. However, examination of the effect of DSI on other patient groups with differing etiologies may serve to guide future research directions specific to DSI in younger blast-exposed Veterans. Studies of older populations have shown that individuals with DSI report poorer health, greater activity limitations, less social participation, more depression, and greater cognitive and functional decline than those with a single sensory impairment or NSI. For example, Crews and Campbell examined questionnaire data of 9,447 individuals obtained during the 1994 Second Supplement on Aging study [47] . The presence of HI was ascertained by a positive response to one of the following items: "deafness in one ear," "deafness in both ears," or "any other trouble hearing;" VI was determined through a positive response to the item "trouble seeing even with glasses." In this study, 58.0 percent of individuals reported NSI, 24.4 percent reported HI alone, 9.4 percent reported VI alone, and 8.2 percent reported DSI. Compared with individuals with NSI, those with HI were 1.7 times more likely to have fallen in the last 12 months, those with VI were 1.8 times more likely to have fallen, and those with DSI were 3.0 times more likely to have fallen. Similar statistics exist for the probability of reporting confusion (HI: 1.4, VI: 2.2, DSI: 2.8), difficulty bathing (HI: 1.4, VI: 2.8, DSI: 3.8), difficulty dressing (HI: 1.5, VI: 2.1, DSI: 3.6), difficulty preparing meals (HI: 1.5, VI: 3.5, DSI: 4.7), and difficulty using a telephone (HI: 3.6, VI: 4.9, DSI: 9.1). Interestingly, the contrasts between groups were not as great for socially based activities. For example, 73.9 percent of individuals with NSI reported visiting friends, while the numbers were 70.9 percent for those with HI, 66. [48] . The data showed that individuals with DSI reported the most restrictions conducting instrumental activities of daily living (e.g., shopping, housework, personal care, meal preparation), followed by those with VI alone and then those with HI alone. Those with more severe sensory disabilities were more likely to report restrictions in ability to conduct instrumental activities of daily living and were less likely to have decision-making control and to be happy with their lives. Increased rates of depression with DSI have also been documented. Chou and Chi reported that individuals with DSI were 2.21 times more likely to be depressed than individuals with NSI [49] . The rates for single sensory impairment were 1.49 and 2.05 for HI alone and VI alone, respectively. Chia et al. conducted a study of the effects of DSI that differ from those described earlier, because rather than relying on self-reports of DSI, they assessed hearing and vision using clinical test procedures [50] . They examined 2,015 individuals aged 55 to 98 years from the Blue Mountains Eye Study at year 5 of longitudinal study participation. Of these, air and bone conduction thresholds at octave frequencies from 0.25 to 8 kHz and monocular distance LogMAR visual acuity and cataract examinations were available from 1,836 participants. Participants also completed the Australian-adapted version of the 36-item Short Form Health Survey [46] . Of the participants, 40 percent had HI alone (pure tone average > 25 dB HL), 9.3 percent had VI alone (acuity > 20/40), and 6 percent had DSI. They found that the individuals with DSI had significantly poorer physical function, general health perceptions, vitality, and mental and social well-being than individuals with a single sensory impairment or NSI.
These studies illustrate that the effects of DSI generally exceed the effects of single sensory impairment, presumably because the individual with DSI cannot compensate for the single sensory impairment with the second sense [2] . For example, it has been long established that supplementing a degraded auditory signal with visual information results in considerable benefit for speech understanding [51] [52] , resulting in improvements in speech understanding of 50 percent over auditoryalone conditions [53] . The explanation lies in the complementary nature of the information available from the auditory and visual signals [54] [55] . Walden et al. also showed that such complementarities apply to benefit obtained from amplification, such that visual cues provide place-of-articulation information, while amplification provides place, manner, and voicing cues [56] . Individuals with DSI are at a further disadvantage for understanding speech in that subtle, nonverbal cues, such as gestures, facial expressions, and body posture, are also lost. For instance, tone of voice provides information about mood and intent, facial expressions and posture can reveal the emotions of the speaker, gestures often provide information that supplement the verbal content, and eye contact provides an emotional link between the speaker and the listener. Consequently, while the literal content of the speech may be understood, the subtle paralinguistic information that enhances communication may be lost.
The interrelationships between the auditory and visual systems are not limited to lipreading. There is considerable evidence of overlap, both neuroanatomically and functionally. For instance, Cappe and Barone showed that in primates, the core of the auditory cortex receives direct inputs from both somatosensory and visual areas [57] , while Wang et al. report that single neurons from a primary sensory cortex measured in a monkey can integrate visual sensory information [58] . From a functional standpoint, Recanzone demonstrated that spatial perception of the location of an auditory signal can be altered by providing a visually mismatched cue simultaneous with the auditory cue [59] , while Jacquin-Courtois et al. showed that prism adaptation in patients with visual and auditory unilateral neglect could increase auditory responses on the side of neglect [60] . In other words, the effects of prism adaptation extended from the visual system to the auditory system. Musacchia et al. recently provided biological evidence that HI alone leads to degraded audiovisual (AV) integration abilities [61] . In their study, older adults with near-normal hearing and with mild-tomoderate hearing loss were presented with a synthetic syllable under auditory alone, visual alone, and AV conditions at a fixed sensation level. Peak P1 and N1 latencies and amplitudes were measured for each condition. The normal-hearing subjects showed significantly earlier latencies and subadditive P1 amplitudes in the AV condition over the auditory and visual conditions combined. The subjects with HI showed similar trends, but the differences were not significant. The authors concluded that this demonstrates diminished AV integration in individuals with HI. The implications of this for individuals with DSI are considerable in that it suggests the disadvantages over single sensory impairment will be multiplicative. Interestingly, the study of blast-exposed Veterans with TBI by Lew et al. showed that HI was the strongest predictor of VI, and vice versa, suggesting that these impairments may derive from a common source [19] . Studies to further elucidate these relationships and potential multiplicative effects are needed.
In sum, DSI affects many aspects of function: physical, psychological, and psychosocial. While substantially less is known about the functional effects of combined auditory and visual processing in blast-injured servicemembers and Veterans, they nevertheless represent critical considerations for the coordination of comprehensive and collaborative interdisciplinary care. The continuing paucity of research to clinically define DSI, develop clinical protocols for consistent and objective assessment, determine optimal approaches for rehabilitation, and develop integrated audiological and vision services represents a notable challenge to the field. These issues are further discussed later.
Clinical Definition
It is customary to classify medical disorders into degrees of severity. The value of such is that it provides a basic understanding of the activity limitations and participation restrictions an individual will encounter as a result of his or her impairment, it can help clinicians select appropriate interventions for the impairment, and it provides a metric from which to track change-either disease progression or improvement following intervention [62] . HI and VI are unfortunately, and problematically, diagnosed and treated in isolation [2] . HI is classified based on unaided ability to hear, while VI is classified using best-corrected vision. HIs are based primarily on threshold measures (pure-tone sensitivity), while definitions of VI center on the ability to resolve high-contrast spatial detail (acuity) and on visual fields. With this in mind, it is not surprising that a unified classification for DSI does not exist. In fact, the notion of conceptualizing DSI in an integrated and complimentary fashion, rather than as two distinct and independent phenomena incidentally presenting in the same individual, is relatively recent.
We acknowledge that developing a DSI classification system would be complex, since it would require an understanding of the relative effect of the two impairments. However, if achieved, this system would assist in the development of algorithms for selecting optimal interventions and rehabilitation strategies, so that, for instance, evidence-based decisions could be made regarding provision of differing interventions for someone with a mild HI coupled with severe VI versus someone with moderate HI and mild VI. A classification system of this sort would be prescriptive and thus would have to move from the traditional model of single-discipline definitions of sensory impairment reliant on hearing sensitivity and visual acuity indicators to integrated functional hearing and vision (dual sensory) assessments with demonstrated relevance to everyday functional capacities. Standardized tools to assess dual sensory function are prerequisite to moving to a system that provides comprehensive dual sensory care. Until such tools exist, a unified classification system is unlikely.
Assessment
As discussed earlier, assessment of sensory disorders is primarily focused on measurement of impairment (e.g., the extent to which thresholds change, the eardrum moves, and the eye can resolve high-contrast spatial detail). There are tools, such as tests of functional hearing (speech) or functional vision (reading), that assess the effects of sensory (dys)function on the everyday skills and abilities of the person, and there are questionnaires that measure perceived effects resulting from the functional limitations; however, these tools are less widely used in the clinic than those that measure impairment. To understand the effects of DSI and to target rehabilitation efforts, we propose the development of dual sensory assessment tools.
Evidence exists to suggest that blast injury causes damage to areas of the brain involved in auditory and visual processing. Tools for assessing central processing again focus on a single sense. There is also evidence that TBI can cause deficits in multisensory integration [63] , such as limitations in the way the brain processes and combines information from each sense and the environment to assemble a unified picture, which might be noted in a task requiring the combination of auditory information with the articulatory gestures of the lips and face to improve recognition of speech in a noisy environment [64] . Successful multimodal integration results in responses to multimodal stimuli that are faster than would be predicted from response times to single-sensory stimuli [65] and that produce larger neural responses than single-sense inputs [66] . In its extreme, disrupted multisensory integration is thought to cause symptoms of autism-spectrum disorders [67] and schizophrenia [68] , but in less extreme forms, it can manifest as learning difficulties; distractibility; impulsiveness; sensitivity to touch, sounds, and light; and abnormal activity levels (high or low). Many of these symptoms have been noted among blast-injured Veterans and are often attributed to PTSD. Tools to reliably differentiate PTSD from processing difficulties associated with mild TBI would be a valuable addition to the clinical battery. Toward this end, Peskind et al., using brain fluorodeoxyglucose positron emission tomography, reported that Veterans with mild TBI from multiple blast exposures had decreased cerebral metabolic rate of glucose in the cerebellum, vermis, pons, and medial temporal lobe, as well as subtle impairments in verbal fluency, cognitive processing speed, attention, and working memory, compared with 12 cognitively nondisabled volunteers from the community [69] . These deficits are similar to those seen in patients with cerebellar lesions and, thus, may indicate either a physical basis for PTSD or a method for differentiating PTSD from mild TBI.
Selection and development of assessment tools should be focused on those that measure activity limitations (i.e., difficulties that arise because of an impairment, such as an inability to hear speech clearly in a noisy location or to read a book in a dimly lit room) and participation restrictions (i.e., problems that arise from activity limitations, such as withdrawing from social activities). This approach differs from current practices of using unimodal tools that measure either hearing-specific or vision-specific function or performance. These tools would need to be equally sensitive to effect domains of auditory and visual dysfunction so as to comprehensively and realistically capture the functional sensory capacity of individuals with DSI in an integrated fashion. Given that uptake of information from our surroundings is not usually limited to one sensory modality, we hope that ecologically valid measures for assessing DSI in an integrated fashion will be developed. The availability of such tools is especially important for understanding the effects of DSI among blast-exposed Veterans, who often have little or no HI and/or VI as conventionally assessed and defined.
A number of performance-based tests of everyday function have been developed for assessment of activity limitations, for example, the Direct Assessment of Functional Status Scale [70] , the Cognitive Performance Test [71] , the Revised Observed Tasks of Daily Living [72] , and Timed Instrumental Activities of Daily Living [73] . These tests require the participant to perform a number of everyday tasks using real-life materials in the laboratory or clinic. The participant's ability to perform each step of the task is scored. If such measures are to be used to assess DSI, it would be necessary to confirm that each is sensitive to HI alone and VI alone, as well as to DSI.
Unfortunately, none of these measures were developed with a single sensory impairment or DSI in mind, they are not standardized for use in clinical or rehabilitation settings, and there are no normative data available from large populations. Furthermore, the tasks are weighted toward use of vision more heavily than hearing; therefore, for assessment of DSI, those currently available would have to be considerably altered.
Self-report questionnaires or interviews are the most practical way to assess participation restrictions; indeed, there is growing consensus that assessment of daily function requires self-report measures as well as performancebased measures [74] . There are many sense-specific tools for evaluating the activity limitation and participation restrictions associated with HI and VI, such as the Abbreviated Profile of Hearing Aid Benefit [75] , the Hearing Handicap Inventory for the Elderly [76] , the Low Vision Visual Functioning Questionnaire [77] , and the National Eye Institute Visual Functioning Questionnaire [78] . However, such questionnaires have limited utility for understanding the effects of DSI, since they focus on a single sensory impairment only. A questionnaire of potential utility for understanding the effects of DSI is the World Health Organization Disability Assessment Schedule II (WHO-DAS II), which provides a profile of functional abilities and effect of impairments in six domains: Understanding and Communicating, Getting Around, Self-Care, Getting Along with People, Life Activities, and Participation in Society. The WHO-DAS II was developed as a tool for identifying the needs of individuals with varying impairments, matching patients to interventions, tracking functioning over time, and measuring clinical outcomes and treatment effectiveness; thus, conceptually it is a highly appropriate tool for assessing DSI.
There is value in using both performance-based measures and self-report measures, because both have important strengths and weaknesses. Self-report measures are revealing because they provide the patient's perspective on, and personal experience of, the problem under investigation. On the other hand, self-report data are influenced by the patient's interpretation of questions, the accuracy of the patient's recall of information, the patient's emotional and psychological state (e.g., fatigue, motivation), and the patient's perception of what he or she believes the examiner wants to hear [79] . Correlations between degrees of reported and measured sensory loss are low [80] , and discrepancies exist between selfreport and objective ratings [81] [82] . Performance measures, on the other hand, avoid these issues, but they may lack construct validity and/or pertinence to a particular individual's lifestyle and daily activities. Furthermore, interventions yielding improvements in performance (particularly laboratory-based performances) but little or no change in self-perceived ability may be limited in terms of their potential for translation and integration into clinical practice (i.e., poor patient adherence or persistence due to limited perceived utility).
Rehabilitation
The major challenge for rehabilitation of DSI associated with blast injury is that traditional forms of rehabilitation for HI and VI (providing hearing aids and eyeglasses) are not applicable, because individuals tend to have normal to near-normal auditory and visual acuity. Indeed, the Veterans Health Administration (VHA) does not currently have established evidence-based approaches to rehabilitation for blast-related DSI associated with TBI. Current practices adopted by audiologists to address auditory difficulties include providing mild-gain hearing aids, personal FM systems, and auditory training programs [21] . There is good rationale for the use of each. Personal FM systems have been used successfully to manage auditory processing problems in children [83] [84] and adults [85] . By placing the microphone of the FM close to the source of the wanted signal and then transmitting via radio frequency transmission to a receiver worn by the listener, there are significant improvements in the signal-to-noise ratio of speech in noisy and reverberant environments. It is believed that by enhancing the speech signal, more resources are made available for use in higher-level auditory processing. Auditory training has been shown to be successful for children with language learning disorders [86] [87] , for improving satisfaction and performance of adult hearing aid users [86] [87] [88] , and for enhancing the memory of older adults [89] . An accumulating body of literature shows that auditory training has the potential to change neural function, as demonstrated by changes in electrophysiological metrics such as increased P300 amplitude and decreased latency to speech signals [87, 90] and changes in the amplitude and latencies of the N1-P2 complex [91] [92] . Auditory training has also been shown to transfer from trained tasks to improved speech syllable identification [93] , sentences in quiet [94] and in noise [88] , high context sentences [95] , and perceived hearing disability and handicap [88, 95] .
Rehabilitation practices commonly used by optometrists to address visual difficulties associated with blast injury and normal or near-normal visual acuity include refraction and the provision of optical interventions, including tints and filters to assist with photosensitivity and prisms to expand visual field, as well as nonoptical interventions, such as education regarding lighting, increasing contrast, and decreasing visual clutter. Vision therapy is used at times, most typically to address convergence insufficiency and accommodative infacility. Vision therapy, depending on the disorder(s) to be addressed, often requires at least 12 or more weekly or biweekly office therapy sessions that may be inconvenient, costly, and more time-consuming than home-based visual therapies. Stelmack et al. indicated that, in fact, spectacles were the primary (78%) visual treatment prescribed for patients with TBI seen at one VA site in contrast with much lower provision of vision therapy (14%) [37] . A recent national survey of VA optometrists specific to treatment of visual complaints in OIF/OEF Veterans showed that 84 percent provided spectacles, 61 percent provided prisms and filters, and 39 percent provided vision therapy; however, 16 percent indicated uncertainty as to the efficacy of their rehabilitation efforts in ameliorating their patients' deficits. A variety of training approaches have been applied to visual efficiency and visual information processing decrements in a variety of patient populations. Vision therapy protocols are a family of behavioral optometry approaches that address primarily visual efficiency anomalies in version, vergence, and accommodation and, to a lesser degree, in information processing disorders. Multicenter clinical trial-based evidence regarding efficacy, however, is limited, including specific to neurorehabilitation optometric approaches to the visual dysfunction seen in populations with TBI [9] . Nevertheless, a handful of studies suggest responsiveness of populations with TBI to training interventions. For instance, Freed and Hellerstein found that a small sample of patients with mild TBI receiving optometric rehabilitation that included vision therapy demonstrated greater visual system recovery based on visually evoked cortical potential testing than age-, sex-, and head size-matched controls [96] . Han et al. reported that computer-presented eye movement training resulted in improved reading-related eye movements, and this remediation was associated with decreased reports of reading dysfunction among adults with acquired brain injury, including those with TBI [97] . Similarly, brainplasticity grounded vision restoration training of residual visual function has resulted in visual field (re)expansion [98] . Practice-related improvements in the functional or useful field of view in nondisabled adults is thought to result from enhancements in visual perceptual processing and attention, including speed, identification, discrimination, and attention abilities [99] [100] . These studies demonstrate that visual training can improve visual function associated with visual processing deficits, and investigators such as Scalf et al. present neuroimaging data elucidating the neural correlates of these improvements [99] .
It is conceivable that devices can be developed that use incoming visual and auditory inputs to enhance visual and auditory cues or that tactile information be collected to enhance limited auditory and visual input. Such approaches would potentially enhance multisensory integration processes. A system of this nature is being developed by Jacobs et al. at the National Center for Rehabilitative Auditory Research (Portland, Oregon), in which mutual information obtained from a camera focused on the face of a speaker will be combined with that obtained by a hearing aid in the ear of the listener [101] . Using sophisticated algorithms, these data can be used to extract signal from noise and, thus, to attenuate the noise and improve the signal-to-noise ratio. Crossdisciplinary development of new patient-centered technologies is crucial for optimal development of new devices for DSI.
The goal of cross-disciplinary rehabilitation is to address DSI within the context of the whole individual, taking into account the DSI as well as other co-impairments so that strategies to optimize residual capacities, accommodate losses, and teach compensatory strategies can be devised. Accordingly, rehabilitation efforts will entail tailoring environmental and technologic and training and/or retraining rehabilitative interventions to maximize functional independence. Innovative, integrative, and new models of assessment and care are needed. Educating emerging and future audiology and vision providers in multisensory team-based processes of care is a critical first step.
The ultimate goal of rehabilitation is to restore full participation in society and quality of life and ensure individuals have the full capacity to participate in education, vocation, independent living, social activities, relationships, and recreation. While quality of life is often considered in assessment of outcomes, reintegration is rarely assessed. According to the VHA Handbook (1172.04), reintegration is the resumption of age, sex, and culturally appropriate roles in the family community and workplace. In a meta-analytic evaluation of the methodological quality of research on cognitive rehabilitation after TBI, Cicerone et al. reported that of 32 randomized clinical trials, only 4 measured treatment effects on participation and only 1 on quality of life [102] . Given the prevalence of DSI in blast-exposed Veterans, evidence for impaired community integration following TBI [103] , and the challenges that vision and hearing difficulties pose in everyday life [2] , assessment of reintegration and quality of life in returning OIF/OEF servicemembers should be considered critical metrics when VA is evaluating the success of its rehabilitation programs. This is because while performance-based assessments, such as reading and speech discrimination, are clearly important to everyday function, they do not necessarily capture patient-centered outcomes, such as return to job, activity, and independent living and life satisfaction overall.
CONCLUSIONS
Providers are faced with numerous challenges regarding blast-related DSI that include definition of the problem, quantification and assessment of its effects, selection of rehabilitation strategies, and the development of a service-provision model. Further, awareness of DSI resulting from blast-exposure is relatively recent, and thus, it is not known whether the limited knowledge about DSI in the aging population is even applicable to this younger population of Veterans whose reported functional difficulties are similar but whose DSI etiology, reserve capacities, lifestyle, and needs are quite different.
We recommend the assessment and rehabilitation approach to blast-related DSI depicted in the Figure and , which shifts the focus from causes to effects along a common metric of health and disability, to guide assessment, classification, and rehabilitation and to illustrate the interrelationships between them. Specifically, blast injuries to brain, ears, eyes, and other parts of the body lead to HIs and VIs. The severity of these injuries depends on a number of variables, including blast intensity and number of exposures. In blast-related DSI, visual and auditory processing are affected and relative degree of these processing impairments directly influences functional vision and hearing performance. Functional vision and hearing effects manifest as activity limitations and participation restrictions, which will impair reintegration, recovery,
Figure.
Flow diagram depicting our recommended approach to assessment and rehabilitation of blast-related dual sensory impairment.
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and quality of life. An interdisciplinary clinical team approach to rehabilitation that incorporates technology, vision and auditory training, and environmental modifications to accommodate and compensate for impairments is thus necessary to optimize societal reintegration and attainment of preinjury quality of life.
